2007, a figure that has been partially attributed to injury prevention. By contrast, the rate of fall-related TBIs increased by 20% during the same time period and is highest among adults 75 years and older. Overall, the rate of TBI-related deaths decreased 8.2% from 1997 to 2007 in the US, although TBIs are still responsible for 53,000 deaths/year (18.4/100,000). 9 A recent epidemiological study in Scotland determined that the annual incidence of disability in adults with TBI who were admitted to the hospital is 100-150/100,000 persons, which is much greater than previously anticipated. 43 These estimates provide evidence of the significant worldwide health and financial burden of TBIs.
Clinicians routinely make diagnostic and therapeutic decisions based on a patient's prognosis. 35 The perceived importance of using accurate models to predict the longterm outcomes from head injuries within a short time of the accident has increased in response to the pioneering work by Jennett et al. 19 TBI patient management predictions support clinical decision making, communication with relatives, and resource allocation. In addition, prognostic models can be used to improve the classification of TBIs based on prognostic risks, 16 which will increase the understanding of the disease mechanisms and better define the treatment options. These results may help define patient subgroups that would potentially benefit from enrolling in randomized controlled trials (RCTs), enabling the testing of new management regimens to determine whether they improve patient outcomes. 25 A common problem in using prognostic systems is that the systems are not generalizable. 40 The systematic reviews of prognostic models for TBIs that have been published in the past 20 years have generated criticism regarding their clinical or methodological validities; 15, 33 only a few studies have been subjected to extensive internal and external validations. 2, 10, 16, 36, 37, 39, 42 Few studies have analyzed the characteristics of patients who succumbed to early death after a TBI. 2, [6] [7] [8] The first aim of this study was to derive a prognostic model for early death (within 48 hours) to be used within the first 6 hours after a severe TBI and to externally validate this model. The second aim was to develop a clinical prediction rule based on the previous model to identify those patients who would be most likely to die early. This rule could limit the inclusion of patients with the worst prognoses in RCTs and reduce the overall cost without substantially reducing patient recruitment into RCTs. This process could enhance the observed treatment-related effects and improve the efficiency of future RCTs.
Methods

Patients
This observational prospective cohort study was performed in 7 tertiary centers in 6 different regions of Spain and involved TBI patients who were recruited from 1990 to 2006. The study was approved by the ethics committee of the University Hospital 12 Octubre. The derivation cohort was recruited from 1 center, Hospital 12 de Octubre-Madrid, between January 1990 and December 2003 The following inclusion criteria were applied: patients older than 14 years; suffering from blunt (nonmissile) severe TBI, defined as a score of ≤ 8 points on the Glasgow Coma Scale (GCS) following a nonsurgical resuscitation or after deteriorating to this score after 6 hours; having undergone CT scanning; and remaining in a comatose state and surviving the first 6 hours after the injury. All patients were admitted to the ICU and were managed uniformly according to standard protocols consistent with international guidelines. 3 The same criteria were applied in all study centers in both the derivation and validation cohorts.
Outcome and Predictors
The outcome variable was dichotomous: early death within 48 hours versus survival after Day 2. All patients underwent complete follow-up. The variables identified in previous studies to be the most powerful independent predictors of outcome following a severe head injury 5, 16 were prospectively collected at the local neurointensive care unit and were maintained centrally. The patient characteristics are presented in Table 1 .
The following preclinical characteristics were collected: 1) age, as a continuous variable and then classified into categories; 2) sex; and 3) cause of injury, classified as traffic accidents, falls, and other.
The following clinical characteristics were collected: 1) The best motor score obtained at the study hospitals after nonsurgical resuscitation and the CT scans were included in the analyses. When this collection was impossible because of the risk of diminished sedation, the category of "untestable" was chosen. 2) Pupillary reactivity was measured within 6 hours after nonsurgical resuscitation. 3) Early complications (secondary insults) were determined, including hypotension, which was indicated by a systolic blood pressure below 90 mm Hg, and hypoxia, which was considered at a pO 2 below 60 mm Hg or oxygen saturation 90%; these conditions were also suggested by strong clinical suspicion (cyanosis or cardiac or respiratory arrest). 4) After stabilization, neurological worsening was defined as worsening of the motor responses (at least a 2-point change) or of the pupillary response or as a significant change on the first CT scan that warranted medical or surgical intervention within 6 hours.
The following neuroimaging characteristics were collected. 1) Traumatic subarachnoid hemorrhage (SAH) was defined as the presence of blood in the subarachnoid space either over the convexity or fissures or in the basal cisterns. These traumatic SAHs were graded according to the amount of extravasated blood as follows: no blood; mild traumatic SAH, defined as a small amount of blood at 1 or 2 sites; moderate traumatic SAH, defined as more than 2 sites moderately filled with blood; and severe traumatic SAH, defined as more than 2 sites completely filled bilaterally with blood or clots that had expanded to the original size of the cistern or fissure. 2) Intraventricular blood was categorized as present or absent.
3) The basal cisterns were categorized as normal or abnormal (compressed or absent). 4) The presence and type of mass lesions (subdural or intracerebral) were categorized based on volume into 3 groups: < 15 ml, 15-24 ml, and ≥ 25 ml. 5) Epidural hematomas were scored as present or absent. 6) Midline shifts were documented (shifts ≤ 5 mm vs shifts > 5 mm).
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All admission CT scans were obtained within the first 6 hours after the injury. If a second CT scan was obtained within the first 6 hours, the final category giving the worst prognosis (worst CT) was used in the analyses.
20
Model Development and Statistical Analyses
Logistic regression analysis was used to estimate the association between the predictors (i.e., preclinical, clinical, early complications, neurological worsening, and neuroimaging characteristics) and the outcome (early death within 48 hours). Several steps were performed to build the predictive model. 1) The initial examination included a set of 15 potential predictors ( Table 1 ) that were collected in the first 6 hours after a TBI; these predictors are consistently referenced in the literature. 5, 16, 33 The relationship between a predictor and early death was estimated using a crude odds ratio and R 2 . 34 2) The full model with 15 predictors was developed using penalized maximum likelihood estimation to directly correct the model for overoptimism. It was further simplified by decreasing the number of predictors based on the literature recommendations. 13, 30 This multivariate approach produced odds ratios and partial R 2 values 29 for the final set of predictors that were included in the penalized reduced final model. An interaction analysis was performed but did not find any significant interaction. 3) Discrimination of this final model was quantified via an area under a receiver operating characteristic (ROC) curve;
12 the predictive ability was determined with Nagelkerke's R 2 index, and the calibration was tested with the Hosmer-Lemeshow test for goodness of fit.
14 The apparent, estimated, and observed optimism-corrected performances of the model were calculated with internal (bootstrap iterations, 1000) and external (validation sample) validation.
40,41 4) A score chart for estimating the probability of early death was developed to facilitate its clinical application. This score was based on regression coefficients rounded to the nearest integer. 31 Patients were classified into 4 risk categories: a) low risk of early death (predicted mortality < 1%); b) moderate risk (predicted mortality between 1% and 10%); c) high risk (predicted mortality between 10% and 50%); and d) extremely high risk (predicted mortality > 50%).
The proportion of patients who will succumb to an early death with a score below the cutoff value (the false negative fraction) and the proportion of patients who will not die before 48 hours with a score below the cutoff value (true negative fraction) were estimated for each risk category.
Statistical analyses were performed using the R Regression Modeling Strategies package (version 3.6-3, http://cran.r-project.org/web/packages/rms/index.html).
Results
Cohort Analysis
The patient characteristics are presented in Table  1 . The median time from injury to CT scanning was 2.1 hours. In the derivation set, 44% of the patients died (407 of 925), and 192 of these patients died within the first 48 hours (47% of all the patients who died and 21% of the cohort). In the validation set, the overall mortality was 43% (161 of 374), and early death occurred in 55% (89 of 161) of the patients who died (24% of the total validation cohort). In the validation set, the patients were older, fewer traffic accidents caused the injuries, and the proportion of untestable motor scores was higher (p < 0.001). Sex, secondary insults, neurological worsening, and CT findings were similar in both cohorts, with the exception of less frequent basal cisternal compression and traumatic SAH in the derivation set (p < 0.01).
Model Development
The univariate and multivariate associations of the predictors with early death, together with their predictive abilities, are illustrated in Table 2 for the derivation set. Most of the characteristics exhibited a significant univariate association at the 95% level with early death, but only motor score, pupillary reactivity, shock, traumatic SAH, and basal cisternal status had both predictive value (R 2 greater than 15%) and a strong association (OR > 2). The penalized reduced final model included 7 variables: age (continuous), motor response, pupil response, shock, abnormal cisterns, SAH, and epidural hematoma. Figure 1 and Table 3 present the discriminative ability, predictive ability, and calibration of the final model. After correcting for overoptimism, the final model in the validation set explained 50% of the observed variability in the outcome variable, with an area under the ROC curve of 89% and an acceptable p value for calibration.
Clinical Application of the Model
A scoring rule was developed to rank the patients based on the risk of early death (Table 4) . Scores ranged from 0 (best prognosis) to 20 (worst prognosis). For example, a 40-year-old patient with an untestable motor score, 1 reactive pupil without shock, an SAH, and an epidural hematoma with compressed cisternal status would receive a score of 8. Using this model, this patient would have an estimated probability of 8.5% of death within 48 hours. The scoring rule was used to create 4 risk categories: low risk of an early death, scores 0-3, corresponding to a risk of early death below 1%; moderate risk, scores 4-8, risk between 1% and 10%; high risk, scores 9-12, risk between 10% and 50%; and very high probability of an early death, scores 13-20, risk greater than 50%. It is estimated that the categorization of the risk score in these 4 probability groups produces 10% of misclassified cases.
Using the previous example, the patient was in the moderate risk group with a predicted probability of death within 48 hours of between 1% and 10%. Figure 2 illustrates the implementation of the scores in selecting the cohorts for clinical studies based on risk categories and cutoff values. For example, if only patients in the low, moderate, and high risk categories were eligible for a study (i.e., scores < 13), 80% of the original patients would be selected: 23% of the patients who died early (false negative fraction) and 95% of the survivors (true negative fraction).
Discussion
In a previous study, 2 we calculated a prediction score for early death using split-sample validation. In this publication, we constructed a prognostic model according to the most recent recommendations 33 by deriving a large sample of patients with severe TBI, which reflected the inherent heterogeneity in current practice. Predictors were collected at the bedside in a standardized manner based on previous research. The outcome was observed at a fixed time point with no possible observer variability. We used appropriate statistical techniques and performed internal and external validations. The model had suitable discrimination and good calibration scores in the internal and external validations. It should be noted that the model described was derived from an adult population and therefore is not validated for pediatric patients who have sustained a TBI.
The survival time after an injury is related to the severity of the injury. The time at which death occurs after an injury is bimodal, with 70% of all deaths occurring in the first 48 hours. 6, 7 A hospital-based study revealed that 28% of the patients died during the first day of hospitalization. 28 In our cohort of TBI patients, the mortality within 48 hours was 22%. The low GCS score, high incidence of unreactive pupils, and refractoriness to the treatments of those patients who died within 48 hours of injury suggested that many of these patients had sustained an irreversible brain injury and that significant irreducible mortality occurred within this time period after a head injury. 2, 7, 28 Therefore, it is important to identify such patients and exclude them from RCTs (see Miller's comment in the study by Clifton et al. 7 ). Unfortunately, this type of prediction is seldom published.
2,8
Our study inclusion criteria were broad. Although death within a short time period is inevitable, none of the patients were extubated or responded to orders in this time period. Only the patients with severe instability and who died within 6 hours of injury, thereby precluding CT scanning, were excluded. This exclusion criterion reflected the high mortality in our cohort compared with that of the RCT included in the IMPACT (International Mission on Prognosis and Analysis of Clinical Trials in TBI) study, but this mortality rate was similar to other observational studies.
42 Our 6-hour time frame provided adequate time to enroll a patient in a potential RCT, although those series have reported a range of 4-48 hours after a TBI.
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Approximately 10% of our patients were entered into an RCT (i.e., tirilazad, Cerestat, Selfotel, or Nimotop) or an observational study (EBIC [European Brain Injury Consortium]) that was included in the analysis of IM-PACT. An advantage of our study was that it included a broader range of TBIs with greater heterogeneity than an RCT. The largest amount of prognostic information was included using 7 variables (Table 2) . Age is one of the strongest predictors of death from a TBI. 11, 17 The association between age and mortality is better explained as a continuous variable, as we demonstrated in the derivation set. Although the use of threshold values is not recommended, we grouped age into 4 categories (15-35 years, 36-55 years, 56-75 years, and older than 75 years) to facilitate score implementation.
Currently, the primary selection criterion for inclusion in an RCT of TBI is the GCS score at admission or randomization. Intubation at the accident scene with sedation and paralysis is recommended in the prehospital phase of care; thus, a neurological evaluation becomes impossible in these cases. 26, 32, 35 Balestreri et al. 1 found that since 1997, the admission GCS score has lost its predictive value for the outcome in this group of patients due to more aggressive treatment. The motor component performs as well as the total GCS score 27, 38 and can be used for patients for whom collecting the full GCS data may not be feasible. Clinical evaluations to obtain a reliable motor score require the sedation to be reversed; 26 however, sometimes this procedure was not performed for fear of increasing the intracranial pressure. In 1 study, the motor score could only be tested in 62% of the patients after resuscitation and in 72% of the subjects after admission to neurosurgery.
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No consensus has been reached on the correct method of scoring intubated or pharmacologically paralyzed patients, and the resultant loss of data or lack of valid data has serious implications for using the GCS as a trauma triage tool or as a predictor of outcome following trauma.
Almost one-third of our patients had an absent response, and this proportion has increased in recent years. We observed a similarly bad outcome for patients with untestable or extensor responses in the univariate model (Table  1 ), but only untestable responses remained predictive in the multivariate analysis ( Table 2) . Based on our analysis, a patient with an extensor response might be included in an RCT because this motor response does not predict early death. We support the use of motor responses individually and as categorical variables to construct predictions and models, including the use of the untestable response as a separate category. Further studies are necessary to better understand this important issue.
All our patients underwent CT scanning within 6 hours after their injuries. In those patients in whom a second CT scan was obtained during this time period (50 patients in the derivation set, 5.4%), the category with the worst prognosis (worst CT) was included in the analyses because it was more strongly correlated with outcome. 20 Maas et al. obtained better discrimination using the individual CT characteristics. 23 We also demonstrated a prognostic value for moderate to severe deposits of blood in SAH, but the status of the basal cisterns was more important, as expected in a population of patients with a severe TBI. We observed a better prognosis in patients with epidural hematomas, assuming that in those cases there was less intrinsic brain damage.
Before the publication of IMPACT, 21 a systematic review of prognostic studies revealed that most studies were not clinically or methodologically valid. 33 The internal validation of prediction models may not be sufficient for relatively small data sets, and external validation is necessary to obtain accurate predictions in subsequent samples. The external validation of models is essential for general applicability. 40 However, few studies perform this type of validation. 10, 12, 16, 36, 37, 39, 42 As in those publications, we found a worse discriminative ability in the validation set, although our model performed better than other recently published studies (0.88).
Prognostic studies are an important step in the design of RCTs and contribute to a better definition of the enrollment criteria and a better classification of severity based on prognostic risk, thus improving stratification. 16, 33 Unfortunately, none of the pharmacological agents that have been tested demonstrated a significant benefit in the outcome of the overall TBI population. 4, 22 An important limitation is that, despite strict inclusion and exclusion criteria, the studied head injury patient populations have been heterogeneous and have contained patients with a wide variety of mechanisms of damage, pathologies, and clinical conditions. 22 Machado et al. 25 determined that including patients with extreme prognoses in an RCT decreased the statistical power, but a recent analysis of the IMPACT database revealed that selecting patients from 24 thereby resulting in a longer trial duration and insupportable financial costs. Therefore, decreasing heterogeneity by using restrictive enrollment criteria, which has been performed to date, may be disadvantageous because it reduces the generalizability of the study and can substantially reduce potential recruitment. Currently, broad unselected enrollment criteria are preferred. 22, 24 In our study, if only the patients with low, moderate, or high risk scores (scores < 13) had been eligible, we would have included only 23% of the patients who succumbed to an early death, but 80% of the original sample would have been eligible.
Our study had some limitations. First, this study was observational and, thus, was accompanied by all problems inherent to this type of study, such as the lack of central committee evaluation and limited funding. Second, the motor score was not always available because of early sedation or paralysis and ventilation. We preferred to use a separate category, untestable, instead of using the motor score from the scene of the accident, but this choice remains under discussion. Third, the number of cases in the validation set was modest; a future validation study with our cases from the IMPACT database is currently underway.
Conclusions
There is a need for high-quality databases with standardized coding of the data that cover the broad spectrum of TBIs to continuously update models to assess the quality of care over time. 24 We propose that the principal application of the prognostic models should be to classify TBIs in a manner that is more accurate than that currently possible using the GCS or CT findings alone. We have demonstrated that early death can be predicted and can improve the methodological design of RCTs.
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